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bstract

Constant flux performance in time is achieved with polyethersulfone (PES) polymeric microsieves when filtering protein solutions, skimmed
ilk and white beer in combination with backpulsing. Such microsieves are fabricated by phase separation micromolding (PS�M) and possess

ores around 2 �m. The filtration of bovine serum albumin (BSA) solutions at neutral pH results in constant flux when backpulsing. The constant
ux performance is related to the ability of polymeric microsieves to flex during permeate pressure pulsing. Their flexibility allows pressure pulse

ransmission to the feed and, therefore, almost no flow reversal occurs. The membrane motion affects the hydrodynamics in the feed channel

nd disturbs the polarization layer and the cake deposited. Reference experiments with stiff SixNy-based microsieves, nuclepore and macroporous
icrofiltration membranes show different behavior: the permeate pressure pulse hardly translates into the feed channel. Backpulsing for these
embranes is less effect as anti-fouling strategy. Backpulsing of polymeric microsieves also allows stable flux operation for other complex feeds

ike skimmed milk and white Belgian beer.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Ceramic and polymeric membranes are nowadays used for
he filtration of beer and dairy foods, replacing conventional
ieselguhr filtration or pasteurization. Crossflow microfiltration

s currently used to remove bacteria from raw milk, separate
asein from whey, and recover serum proteins from cheese whey,
or instance [1–4]. In the brewing industry, current industrial
rossflow microfiltration applications concern the clarification
f rough beer to eliminate yeast and colloids responsible for
aze, and sterile filtration of clarified beer.

Milk is a very complex fluid, mainly constituted by water
nd with a solid content around 12.6%. For the recovery of
he milk protein fraction, skimmed milk is normally used as
eed. Skimmed milk contains <0.5% (w/v) fat, 3.3% (w/v)
roteins, 4.6–5.0% (w/v) lactose and minerals like calcium,

odium and potassium [4]. Fouling in skimmed milk filtra-
ion is normally associated to the protein fraction, formed by
asein micelles and whey proteins like �-lactoglobulins, �-

∗ Corresponding author. Tel.: +31 53 489 2063; fax: +31 53 489 4611.
E-mail address: r.g.h.lammertink@tnw.utwente.nl (R.G.H. Lammertink).
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actalbumins, immunoglobulins, bovine serum albumin (BSA),
nd others. Precipitation of calcium phosphates can also result
n flux reduction. Currently used strategies to reduce fouling in

ilk filtration involve the use of backpulsing, acoustic or ultra-
onic waves, turbulence promoters, vibrating and rotating disk
odules and air sparging. A recent review of Brans et al. [3]

as covered the state-of-the-art of these techniques and their
ossible disadvantages in milk fractionation. The differences
etween such strategies are their principle of operation, effi-
iency and costs. Turbulence promoters, vibration and rotating
isk modules increase the shear rate close to the membrane,
hile backpulsing removes the cake layer by reversing the
ow through the membrane. Air sparging reduces concentra-

ion polarization by mixing. Industrial implementation of these
ethods is very dependant on their efficiency (this at the same

ime depends on the feed and process parameters) and feasibility
n terms of costs, upscaling and energy consumption.

Beer is a multi component feed, containing polysaccha-
ides, higher dextrins and glucans, proteins and alcohols. The

ey membrane foulants in beer are proteins, carbohydrates (�-
lucan, pentosan, etc.) and starch molecules or yeast cells.
rossflow microfiltration intends to replace conventional dead-
nd filtration with diatomaceous earth, for example. The main

mailto:r.g.h.lammertink@tnw.utwente.nl
dx.doi.org/10.1016/j.memsci.2006.09.001
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omponents of beer to be removed during clarification are yeast
ells and haze (polyphenols, proteins, carbohydrates and metal
ons) [5]. To maximize the removal of chill haze, beer is nor-

ally filtered at 0 ◦C. This causes a flux limitation due to the
ncreased solution viscosity. A number of mechanisms can be
sed to improve beer flux, including backpulsing or backflush-
ng [6,7], flow pulsation, and oscillatory flow on the feed [8].
ogether with backpulsing, the latter two are based on disturb-

ng concentration polarization and the cake layer.
Today, commercially relevant fluxes in beer filtration are

etween 10 and 100 kg h−1 m−2 [6]. Microsieve membranes
ould very well supply the requirements needed for this appli-
ation, because of their high flux and selectivity [9]. Currently,
ilicon nitride (SixNy) microsieves are being introduced in dairy
nd brewing industry as a breakthrough technology. In spite of
heir advantages, there is still a trade-off associated with the
igh fluxes that such membranes can deliver: fouling. We have
eported in previous work that fouling by proteins, for instance,
an be reduced by several strategies such as backpulsing or
ntifouling coatings [10,11].

A new approach is being developed as an alternative to silicon
itride microsieves: polymeric microsieves. Microfiltration with
ovel polymeric microsieves represents a new technology with
viable potential for industrial implementation. These mem-

ranes exhibit similar selectivity/permeability characteristics to
norganic microsieves, but at much lower production costs. Due
o the versatility of the fabrication process different pore sizes
nd shapes can be obtained [12–15]. Microsieves with pore
iameters ranging from 5 �m (or higher) to approx. 0.5 �m are
urrently available [15]. Polymeric microsieves can deliver large
roduct volumes operating at very low pressures, together with
elective separations due to their precise pore size and shape.

Since polymeric microsieves are currently an emerging tech-
ology and no information about their performance in real
ltrations is available yet, the outcome of the investigations

n this article will serve as guidance for future applications.
he main goal of this work is the evaluation of the filtration
erformance and fouling behavior of PES microsieves, using
odel protein solutions like BSA and real complex beverages

ike skimmed milk and beer. Polymeric microsieves with pore
iameters of 2 �m have been selected as membranes for the foul-
ng tests. Strategies like air sparging or backpulsing, which were
xtensively studied in previous research with SixNy microsieves
10,11], have also been applied in order to enhance perme-
tion. The backpulsing performance of polymeric microsieves
n aqueous solutions will also be compared to other systems,
ike track-etched membranes and depth-filters.

. Experimental

.1. Materials

Microsieve PES membranes (pore size 5 and 2 �m) were used

or the crossflow filtration of BSA solutions. For skimmed milk
nd beer filtration, 2 �m PES microsieves were used. The fabri-
ation of such microsieves is discussed in detail in previous work
15]. For comparison, commercial track-etched membranes like

2

i
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uclepore (polyethylene, 2 �m) and Millipore RAWP (cellulose
sters, 1.2 �m) were used. Nuclepore membranes (low porosity)
ad a thickness of approx. 10 �m. Millipore RAWP had a poros-
ty of 82% and an average thickness of 150 �m.

Ultrapure water (18.2 M� cm) for clean water flux measure-
ents was obtained with a Millipore purification unit (MilliQ

lus). BSA (Fraction V, Fluka) was used as model protein. The
eed solutions consisted of 1 g/l BSA dissolved in filtered phos-
hate buffer 50 mM at pH 6.8 ± 0.1. Solutions were freshly
repared and stored at 8 ◦C for maximum 2 h before use. Com-
ercially available sterilized skimmed milk (Euroshopper, pH

.9–7) and white Belgian beer (Hoegaarden, pH 4.4) were used
irectly without any pre-treatment.

.2. Crossflow microfiltration of BSA, skimmed milk and
eer

The permeation experiments were performed in a cross-
ow module with an effective membrane area of approx.
.5 × 10−4 m2 and a channel height of 700 �m, shown in detail
n previous work [9]. The microsieves and commercial mem-
ranes were glued onto a polymeric spacer acting as support
0.1 mm pore size) to enhance their mechanical strength, and
hen to a polysulfone sample holder which was inserted in the

odule.
Prior to the water flux measurements the membranes were

nspected under an optical microscope to check their integrity.
ubsequently, they were pre-wetted with water or a mixture of
ater and isopropanol. The clean water permeability was mea-

ured in the pressure range of 10–30 mbar at 20 ± 2 ◦C before
ny protein filtration.

BSA permeability was measured at a transmembrane pres-
ure of approx. 18 mbar at 10 ± 2 ◦C, with an average crossflow
elocity of 0.165 m/s. The filtrations of milk and beer were per-
ormed at approx. 10 ± 2 ◦C and an average operating pressure
f 20 mbar. In all filtrations, the feed was stirred and pumped to
he membrane module using a microannular pump with recircu-
ation.

The influence of permeate backpulsing was studied with an
lectromagnetic backpulser (Aquamarijn Microfiltration B.V.
16]) described in previous work [10]. Variable frequencies and
ackpulsing power were applied in the backpulsing experiments
ith BSA solutions. Frequencies were varied from 2 to 6.7 Hz,
ower was varied from 30 to 50% of the maximum value and
he pulse length was kept constant at 20 ms. In all experiments
he tail was supressed so that a symmetrical backpulsing profile
as applied. Only in the case of the preliminary tests with the
�m microsieves a tail was applied (100 ms). For milk filtra-

ions, the backpulse frequency was varied from 2.5 to 6.7 Hz at a
onstant pulse power and length (45% and 20 ms, respectively).

hite beer filtrations were performed at constant backpulsing
requency (4 Hz).
.3. Scanning electron (SEM) and optical microscopy

The morphology of the microsieve membranes was visual-
zed by scanning electron microscopy (SEM, Microscope JEOL
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SM-5600LV, at 5 kV). Quick microsieve inspection before and
fter the flux measurements was performed with an optical
icroscope (Zeiss Axiovert 40 MAT).

.3.1. Analysis
The concentration of BSA and milk proteins in the feed and

ermeate was analyzed with a Cary 300 Scan UV–vis spec-
rophotometer at λ = 280 nm. Single wavelength measurements
ere also performed to the beer feed and permeate fractions in

he visible region, at λ = 450, 500, 600 and 800 nm. The solid
ontent of the fractions was determined by weight difference
f evaporated samples with the same initial weight or volume.
amples were evaporated in a dessicator for 48 h and in a vacuum
ven at 30 ◦C for 5 days.

. Results and discussion

.1. Fouling studies with a model protein (BSA)

The average clean water permeability values of microsieves
ith 5 �m pore diameter varied between 2 and 4 × 106 l/m2 hbar.
he scattering in these results originates from the differences in

he intrinsic porosity, thickness difference among membranes
nd error in membrane area determination. From the SEM
nalysis performed in previous work [15] we can observe that,
part from the porosity introduced by perforation, additional
ntrinsic porosity created by the phase inversion method
s present. Micropores in the unperforated zones may also
ontribute to such large fluxes.

When relatively stable BSA filtrations were analyzed we
bserved that flux decline took place to a great extent. This effect
s displayed in Fig. 1A, where the relative BSA permeability of
5 �m microsieve at pH 6.7 is shown in time. The surface mor-
hology of such microsieve is shown in Fig. 1B. The filtration
as performed at an operating pressure of 21.5 ± 1.5 mbar. Per-

eability declined very rapidly in the first minutes of filtration,

ue to fast aggregate deposition, a phenomenon observed in for-
er work for ceramic microsieves with 1.2 �m pore size [10].
he fact that BSA fouling or flux decline is usually associated to

ig. 1. (A) Flux decline vs. time of 1 g/l BSA pH 6.7 with a 5 �m PES microsieve
t constant pressure (PBSA/Pw = BSA permeability/water permeability = relative
SA permeability). (B) The surface of such microsieve before filtration is dis-
layed.

J

F
f
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ggregate deposition has been also confirmed by other authors
n the past [17–19]. When air bubbles were introduced in the
eed channel (t = 45 min) permeability was slightly recovered
ecause of partial aggregate removal from the membrane sur-
ace. This effect was confirmed previously in a former research
ith silicon nitride microsieves [11].
PES membranes have been extensively used by many authors

o study fouling with BSA solutions [17,18,20,21]. Zeta-
otential measurements on PES surfaces, reported by Pontié et
l. [22] indicated that PES is negatively charged at neutral pH.
herefore, little electrostatic interactions between the membrane
urface and the negatively charged BSA can occur. This reason-
ng and the findings of other authors [17,18,23,24], together with
revious results obtained for inorganic microsieves [10] point
hus to aggregate deposition as responsible mechanism for per-

eability loss for PES microsieves during BSA filtration.
From these observations it was clear that fouling is a criti-

al aspect to be considered, even if microsieves with large pore
izes (5 �m) are used. Microsieves with 5 �m pores presented
xtremely large fluxes, which made it difficult to discriminate
etween flux anomalies caused by air, pressure changes or just
rotein fouling. That is why a more controllable system consist-
ng of PES microsieves with an average pore size of 2 �m was
hosen to study the fouling behavior of polymeric microsieves.

After a wetting step with a mixture of deionized water
nd isopropanol, clean water fluxes of thermally treated PES
icrosieves (250 ◦C, 60 min) with 2 �m average pore diame-

er (see Fig. 2) were measured. These membranes displayed an
verage water permeability of 3.4 × 105 l/m2 hbar, which is sim-
lar to the values obtained for SixNy microsieves with pore sizes
f about 1.2 �m.

The flow through a microsieve can be described by the Stokes
ow, applicable at low Reynolds numbers. Van Rijn and cowork-
rs [25,26] described the flow through short cylindrical channels
= nd3
pore�p

24μAm

[
1 + 16L

3πdpore

]−1

[1 − f (ε)]−1 (1)

ig. 2. Surface morphology of a PES microsieve with 2 �m pore diameter,
abricated by thermal treatment (250 ◦C, 60 min).
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here n is the number of pores, L and dpore the length and diame-
er of a pore, respectively, �p the applied pressure, μ the solution
iscosity, Am the membrane area and ε is the porosity. The poros-
ty function f(ε) is defined as:

(ε) =
∑
i=1

aiε
(2i+1)/2 (2)

ith a1 = 0.894, a2 = 0.111 and a3 = 0.066 [25]. For a polymeric
ES microsieve with L = 8.5 �m, dpore = 2 �m and ε = 0.06, a
ermeability (J/�p) of about 3 × 105 l/m2 hbar is obtained with
his equation. The estimated permeability with the equation
grees quite nicely with the measured values.

Microsieves with perforations around 2 �m were also used to
nvestigate the flux decline of a 1 g/l BSA solution at pH 6.8 and
1 ± 1 mbar. Fig. 3A shows how the membrane permeability
ecreased to 50% in the first 5 min of filtration. After 1 h the
icrosieve was completely blocked and no permeation was

bserved. The BSA retention of a shrunk PES microsieve after
0 min of filtration was approx. 4.5%. After approx. 40 min,
etention increased to 6%. Fig. 3B displays blocked areas on

microsieve after use and flushing with water. It is clearly
een how some pores are completely covered by a thick protein
ayer. The previous results suggest that pore blocking is also the

echanism responsible for the severe BSA flux decline with
embranes with large pore sizes such as 2 or 5 �m. Bowen

t al. [27] postulated that if the membrane possessed a narrow
ore size distribution and if the pore size was smaller than the
article size, such as it happens in our case, complete blocking
akes place in the initial stage of filtration. For this mechanism

relationship between the first and second derivatives of the
ermeated volume (V) versus time (t) exists:

d2t

dV 2 = α

(
dt

dV

)β

(3)

here α and β are the parameters of the blocking filtration
aws for constant pressure. Bowen et al. [27] derived values
or β for different blocking models, 2 being the beta value

hen pore blocking causes flux decline. Beta is obtained by

alculating the slope of the logarithmic expression of formula
3). For microsieves with 2 �m perforations the best fit for
he experimental data gives a beta value of 2.35 ± 0.11. This

ig. 3. Flux decline vs. time of 1 g/l BSA pH 6.8 with a 2 �m PES microsieve
A), together with its surface morphology depicted with a SEM image after BSA
ltration (B).

m
i
s
e
t
f
p
(
w
d

b
t
t
t
s
s
r
s

ushing and backflushing. The frequency (F) and the pulse length were kept
onstant at 6.7 Hz and 20 ms, respectively, while the power (P) and the tail
ettings (T) were varied.

learly confirms the behavior predicted by the classical pore
lockage model, even if the pore sizes used are large (2 �m).

.2. Fouling reduction strategies

Several strategies like backpulsing at variable frequency and
ower, forward flushing and backflushing were studied to reduce
nd retard fouling of BSA solutions at neutral pH. Water forward
ushing consisted of injecting water discontinuously through the
odule inlet, whereas backflushing consisted of injecting water

hrough the module permeate outlet.
The effectiveness of these methods was evaluated for a PES

icrosieve (2 �m pore diameter), and the outcome is shown
n Fig. 4. Backpulsing frequency and power were kept con-
tant throughout the experiment at 6.7 Hz and 30%, respectively,
xcept for the BP5 and BP6 regions, where power was increased
o 40%. Another variable was taken into account in the dif-
erent regions: the tail or gradual descent of the backpulser
iston to the initial position. From BP1 to 3, a delay of 100 ms
T = 100 ms) was applied, whereas from BP4 onwards no delay
as applied and the piston returned to its initial position imme-
iately (T = 0 ms).

The results show that permeability remained constant when
ackpulsing was applied (BP1, BP2), even though a 60% loss in
otal permeability was observed initially in region BP1. Despite
his fact, these results are very satisfactory, because for the first
ime constant permeabilities with BSA solutions were mea-

ured when backpulsing was applied. When backpulsing was
topped, a sudden increase of permeability was observed (due to
educed resistance offered by the backpulser), until protein depo-
ition occurred that caused permeability decline (NBP regions).
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fter 50 min of filtration, when only 10% of the permeabil-
ty remained, water forward- and backflushing were applied.
fter reinitiating the filtration without backpulsing, permeabil-

ty could be successfully but temporarily recovered up to 40%
f its maximum value.

At BP3 reinitiation of backpulsing led again to constant
ermeability (25%, like in BP2). If the backpulsing tail was
uppressed (BP4), an increase in permeability was observed,
ndicating that the pulse was more effective. But, since a slight
ux decline occurred in this region (10%), backpulsing power
as increased. This resulted in constant permeability (BP5).
hen backpulsing was stopped and then restarted with the same

ettings as in BP5, the same trend occurred as in the other
ntervals: first permeability declined and then it stabilized as
ackpulsing was activated (BP6).

The decrease in initial permeability when pulses are applied
s a consequence of the pressure considered in our calculations.
uring a pulse, the average pressure at the permeate side is

levated and therefore the average flux is lower. In our case,
nly the operating pressure (average pressure at the feed side),
hich is normally constant and independent of backpulsing, is

onsidered for the permeability calculation.
The pressure profiles exhibited in Fig. 5 demonstrate that

ES microsieves act as pulse transmitters. First, when no mem-
rane is present in the system (see Fig. 5A), we can observe that
he feed pressure equals the permeate pressure, so the pulses are
ully transmitted. From Fig. 5B and C it can be observed that the
ulse is registered at the feed side when applied through a PES
icrosieve. During a pulse the feed pressure has almost the same

alue as the permeate pressure, resulting in almost no negative
ransmembrane pressure (TMP). In between pulses, feed pres-
ure gradually increases until its set value (20 mbar). The peak
alue of the permeate pressure increases with the applied pulse
ower and results in more negative TMP values (see Fig. 5C).

In Fig. 6 the effect of the power and the pulse frequency at
onstant pulse power (45%) and length (20 ms) on the pulse
rofile is displayed. In all cases the pulse is clearly transmitted
o the feed side, because pfeed is almost equal to ppermeate. In such
ase very little negative TMPs are reached, indicating that flow
eversal is limited. An increase in pulse frequency results in less
ux. Furthermore, at lower frequencies there is more time for

he pressure to be stabilized before a pulse.
The previous results confirm that the fact that stable pro-

ein fluxes are obtained with BSA solutions is more likely to be
aused by significant membrane motion rather than by a large
ackflow through the membrane. Mechanical motion was visu-
lly observed in our experiments during pulses and, furthermore,
ifferences between feed and permeate pressure were low and
nly measured during a couple of ms for each pulse. Mem-
rane motion can change fluid hydrodynamics on the membrane
urface and decrease concentration polarization. Rodgers and
parks [28] already reported this effect and postulated that mem-
rane motion allowed an alteration of the solute concentration

rofile within the boundary layer so that the system concentra-
ion remains homogeneous during pulses.

Two approaches were applied to optimize backpulsing and
ncrease membrane productivity. For the first one, the process

n
o
w
A

ig. 5. Pressure as a function of time when backpulsing water (3.3 Hz, 20 ms)
ithout membrane and 45% power (A) and with a PES microsieve at 45% (B)

nd 64 % (C) power.

tarted without pulsing for a couple of minutes and then back-
ulsing was applied at high frequency (6.7 Hz), and regularly
witched off for some seconds. Throughout the course of the
xperiment the frequency was varied as well. The outcome of
his experimentation is presented in Fig. 7.

As already noted in Fig. 4, stopping the pulses for some
econds increased permeability for a short time only (see
cattering in the data in the first set of experiments at 6.7 Hz).
owering the frequency from 6.7 to 2.86 or 4 Hz resulted

n an increase in permeability (approx. 10%) and constant
ermeation rate. Slightly rinsing the membrane with water did

ot increase permeability, probably because of little deposition
n the surface. Relatively stable permeabilities (around 50%)
ere measured at intermediate pulse frequencies (2–4 Hz).
fter a non-pulsing period, backpulsing reinitiation at 2.86 Hz
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As observed in previous work with silicon nitride microsieves
[11], air sparging at low air flows (10 ml/min) was also successful
in stabilizing the permeation of BSA solutions through poly-
meric microsieves. Air sparging was applied for approx. 15 min
ig. 6. Pulse profiles when backpulsing water at 45% power, 20 ms pulse and
.7 Hz (A), 3.3 Hz (B) or 2.5 Hz (C), with a PES microsieve.

esulted in a constant permeability. Fairly constant permeability
nd enhancement were found when systematically stopping
ulses and lowering the frequency.

Our second approach assumed that, if backpulsing would be
nitially started at lower frequencies, much higher permeability
alues might be obtained. A confirmation of this hypothesis is
rovided in Fig. 8. Backpulsing was initiated at 2.86 Hz and a
elatively constant and high permeability was observed for the
rst time. A successive decrease of frequency increased the per-
eability even further. Then frequency was increased stepwise,

rom 2 to 2.86, 4 and 6.7 Hz. Once the frequency was increased,

decrease in permeability occurred, as expected. Fortunately,

ermeability could be increased in each regime by shortly stop-
ing the pulses. The largest loss in BSA permeability (from 70
o 50%) occurred during the highest increase in frequency (from

F
P
s

ig. 7. Relative permeability vs. time of a BSA solution at pH 7 through a 2 �m
ES microsieve. The arrows indicate the exact points where backpulsing was
topped and above the plot the different intervals with variable frequency are
hown.

to 6.7 Hz), but it could easily be restored to the average value
70%) if frequency was lowered to 2.86 Hz. From these results,
e can conclude that even though low frequencies are desirable

or higher fluxes, flux decline is still slightly observed. At 4 Hz,
hough, a more stable flux is observed.
ig. 8. Relative permeability vs. time of a BSA solution at pH 7 through a 2 �m
ES microsieve. The arrows indicate the exact points where backpulsing was
topped.
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ig. 9. Relative permeability vs. time of a BSA solution at pH 7.1 through a
�m PE track-etched nuclepore membrane. The arrows indicate the exact points
here backpulsing was stopped.

fter the last backpulsing period in the experiment shown in
ig. 8. A stable constant flux was obtained, even though it was
0% lower than the last obtained value.

.3. Comparison of polymeric microsieves and commercial
embranes

From the previous section we can conclude that backpulsing
SA solutions at low frequencies is a very effective method to
chieve stable fluxes with polymeric microsieves. In this situ-
tion, the determining factor in stabilizing permeability might
e the mechanical motion of the microsieve during pulses. Such
ndings are a great breakthrough for microfiltration and poten-

ial applications of polymeric microsieves. In principle, this
henomenon might also be applicable to polymeric commercial
creen filters, like track-etched membranes.

For comparison with current commercial systems, BSA was
lso filtered through Nuclepore track-etched membranes, with
�m pore diameter and average clean water permeability of
× 105 l/m2 hbar. In Fig. 9 the outcome of a filtration experiment
ith BSA at pH 7.1 and backpulsing at different frequencies

20 ms pulse length, 45% power) is presented.
BSA permeability experienced decline even though back-

ulsing was applied. The most unfavorable conditions were
btained at high pulse frequencies, leading to flux instabilities
nd rapid decline. No backpulsing led to fast flux decline due
o aggregate deposition. Initially, permeability did not remain
onstant for frequencies of 2.86–3 Hz, and declined even more
t 6.7 Hz. After approx. 20 min the frequency was varied around

.86–2.5 Hz and a gradual permeability decline of 10% was
bserved. When backpulsing was stopped for several minutes
nd restarted at 2.86 Hz, permeability stabilized at 40% of the
aximum value.

w
v
v
o
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In this experiment, even though the backpulsing settings
ere varied, permeability declined. Even successive pulse

tops could not recover it. These results indicate that back-
ulsing a BSA solution was less effective for track-etched
embranes than for microsieves, with these particular settings

nd solution properties. Direct comparison among these
embranes in terms of BSA fouling should be done with

aution, because even though their structures are rather similar
n terms of thickness and pore design, the material properties,
orosities and permeabilities are significantly different. More
mportantly, different surface–protein interactions may also
ccur depending on the membrane material. Therefore, it is
ifficult to establish if either adsorption, backpulsing ineffi-
iency or reduced membrane motions are the causes for flux
ecline.

The pulse profiles with Nuclepore membranes, compared to
ES microsieves are depicted in Fig. 10. For additional compar-

son, pulse profiles through a depth-filter Millipore RAWP and
ilicon nitride microsieves (both with pore diameter 1.2 �m) are
lso provided. The tests were performed with water, at a feed
ressure of 20 mbar, constant frequency of 3.3 Hz, 45% power
nd a pulse length of 20 ms.

The main differences between the pulses through these mem-
ranes are the feed pressure profiles and corresponding TMP
alues. For the track-etched and the depth-filter membranes
he profiles are very similar: the pulse is registered at the feed
ide, reaching a maximum value of approx. 35 mbar. The differ-
nces between backpulsing with such membranes and polymeric
icrosieves are striking. In the first place, considerably high

eed pressures are measured with polymeric microsieves during
pulse, almost as high as the permeate pressure. This points out

hat the pulse is almost completely transmitted through the mem-
rane and that only little permeate backflow exists. Nonetheless,
ackpulsing is very efficient because it can cause membrane
otion and results in constant permeability.
Between pulses, the feed pressure also varied considerably

from 10 to 20 mbar). A pressure pulse is followed by a pressure
ip, which is shown in the profile. The differences between sil-
con nitride and polymeric microsieves are even more obvious.
he rigid membrane backstructure of SixNy microsieves damps

he pulse and very little pressure variations can be seen at the
eed side. However, in this case there is indeed backtransport of
ermeate through the microsieve, because highly negative TMPs
re recorded [10]. On the other hand, polymeric microsieves can
xperience motion (flexing) during pulses which enhance per-
eation. This is more likely to occur by such motion rather than

y permeate flow reversal (flow reversal takes place but perme-
tion in that direction is low).

.4. Skimmed milk filtration

Skimmed milk was successfully filtered with a constant per-
eability around 20% of the maximum value when backpulsing

as applied at constant operating pressure (20 ± 2 mbar) and
ariable frequency (see Fig. 11). Permeability reached a constant
alue independent of the pulse frequency. An exception can be
bserved at 6.7 Hz, where lower permeation was obtained.
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Fig. 10. Pulse profiles when backpulsing water (3.3 Hz, 45% power, 20 ms pulse) wit
microsieve and 1.2 �m millipore depth-filter membrane.

Fig. 11. Relative permeability of skimmed milk vs. time (pH 7, 9 ◦C), through
a 2 �m PES microsieve. The arrows indicate pulse stops for approx. 30 s; NBP
indicates the regions where no pulses were applied for periods longer than 30 s.
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h a 2 �m PES microsieve, 2 �m nuclepore track-etched, 1.2 �m silicon nitride

When the pulses were stopped for a short period (minimum
0 s, indicated by the arrows), permeability did not increase
contrary to the results with BSA). Milk permeability decreased
mmediately and, if the pulses were suppressed for longer time,
o permeate was obtained at all. Restarting the pulses with the
ame conditions successfully led to a permeability recovery to
he last measured value. Such findings point to the fact that back-
ulsing is very effective in keeping the foulants fluidized above
he membrane so that no deposition and further cake formation
an occur.

As soon as pulsation was stopped, a cake layer from milk
omponents such as casein micelles or whey proteins could settle
own, thereby completely blocking the membrane surface. The
eposited layer might be very compact, because flux descended
o zero within a minute. In such case air sparging (12–20 ml/min)
as not able to restore the flux (see Fig. 11, t = 70 min). Mercier-
onin et al. already reported low efficiency of two-phase flows

n the enhancement of skimmed milk flux, during the separation

f casein micelles from whey proteins [29,30], compared to the
on-gas sparging situation. Moreover, this method is unlikely to
e used in dairy food application, mainly because of foaming
isks and protein damage.
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Fig. 12. Relative permeability of skimmed milk vs. time (pH 7, 7 ◦C), through
a 2 �m PES microsieve. From the initiation of the filtration until (C) pressure
was successively varied. Until (A) pressure was 22 mbar, at (A) it was increased
to 32 mbar for a minute, then decreased stepwise to 13.5 mbar until (B), where
pressure was 16.4 mbar. During (B and C) pressure increased to 19 mbar after
the pulse stop. At (C) forward and backflushing were applied, followed by feed
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xchange to water (C and D); from D to the end of the experiment milk was
eintroduced as feed and the pressure and pulse frequency were kept constant
12 mbar, 3.3 Hz).

To confirm the reproducibility of the method, a longer
xperiment was performed for more than 2 h. The outcome of
ariable operating pressure on the milk permeability is shown in
ig. 12.

The filtration was initiated with backpulsing at 3 Hz and
2 mbar. At (A) the pressure was increased to 32 mbar and per-
eability suddenly dropped. After one minute, pressure was

radually lowered from 21 to 13.5 mbar (B), resulting in 50%
ermeability increase. From (B) until the pulses were stopped
indicated by the arrow) pressure was kept constant at 16.4 mbar,
esulting in a stable flux, except when the pulses were supressed.
fter backpulsing reinitiation, pressure was slightly increased
ntil 19 mbar and permeability was constant for several minutes.
t (C) water forward and backflushing were applied to rinse
ilk deposits, and the clean water flux was measured for 5 min.
he rinsing step was proved to be very efficient, since the clean
ater permeability reached 70% of its maximum value. Such

esults also mean that little adhesion of the milk components
n the microsieve surface occurs. After the forward and back-
ushing step, the pulsation of milk at 3.3 Hz and 12 ± 1 mbar
esulted in stable permeability for more than 90 min, with a
ux of 1600 l/m2 h. The slight increase in milk permeability
ntil t = 80 min was probably caused by an increase in feed tem-
erature to 15 ◦C. When the feed was rapidly cooled down to

0 ◦C permeability decreased to 27%, where it remained con-
tant until the end of the test. A decrease of solution viscosity
ay have been the cause for the slight permeability increase

ηmilk 11 ◦C = 2.1 mPa s, ηmilk 15 ◦C = 1.84 mPa s).
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o
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Constant milk permeability was obtained in other tests when
ressure was kept under 20 mbar and backpulsing frequency
round 2.5 Hz.

Sterilized skimmed milk mainly contains lactose, casein,
hey proteins and minerals like calcium. Fat is present as
ell, with a concentration < 0.5%. Filtration of skimmed milk

hrough 2 �m PES microsieves could remove some of the
emaining fat and some protein aggregates or casein micelles,
hich have normally mean diameters of 100 nm and are
elieved to form deposits on and inside the membrane pores [4].
uring the course of the experiment, the absorbance of permeate

amples was analyzed by spectrophotometry together with the
eed at λ = 280 nm, in order to detect differences in the total
rotein content. The same absorbance results were obtained
t this wavelength, indicating that no protein was retained.
he feed and permeate fractions collected during backpulsing
ad a very similar absorbance due to low concentration of
he ‘retainable’ components (also at higher wavelengths than
80 nm).

With dynamic light scattering measurements no conclusive
esults could be obtained for the particle size of both feed and
ermeate fractions.

From the outcome of the milk filtration experiments, sev-
ral recommendations can be made to optimize permeation and
roductivity. Backpulsing is necessary to avoid flux decline.
oreover, operating at relatively low frequencies and lower

ressures permeation is enhanced. The use of air sparging with
ilk would not be recommended because it does not improve

he permeation or flux recovery. More insight into retention and
ackpulsing influence might be gained by using semi-skimmed
ilk, which has a higher concentration of retainable components

ike fat globules.

.5. White Belgian beer filtration

The white beer used as feed had certain turbidity characteris-
ics, due to its yeast content. Our goal was to separate the largest
uspended solid fraction and part of the yeast, which normally
as sizes between 1 and 10 �m [5]. The filtration of white beer
t constant backpulsing frequency is shown in Fig. 13A. The
ame procedure and similar backpulsing settings were applied
s with milk. When the feed was not degassed, large fluctuations
n pressure occurred at the initial moments of filtration due to
O2. However, once the system was free of gas stable operation
as achieved.
After stabilization, backpulsing was initiated at 4 Hz. The

ressure remained constant at an average value of 18 ± 1 mbar
or almost 1 h. Throughout this period, permeability was suc-
essfully stabilized and it remained constant just over 10% of
ts maximum. Pulses were supressed twice (indicated by the
rrows) resulting in immediate permeability loss. Restarting the
ulses led to the same permeabilities than before the backpuls-
ng stop, indicating that the deposited layer was removed. The

verage flux in the section shown in Fig. 13 was calculated to
e 1900 l/m2 h (permeability around 1 × 105 l/m2 hbar).

After SEM inspection of the membrane surface, it was
bserved that some deposits were present in different zones.
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Fig. 13. (A) Relative beer permeability vs. time (13 ◦C), through a 2 �m
PES microsieve. During the filtration backpulsing was applied at constant fre-
quency, power and pulse length (4 Hz, 45%, 20 ms). The operating pressure was
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8 ± 1 mbar. Backpulsing was stopped twice, indicated by the arrows. (B) SEM
mage of the microsieve surface after the white beer filtration.

owever, the deposition was not extensive and most of the pores
emained open for permeation, as shown in Fig. 13B.

After filtration, clear differences in turbidity were observed
etween the feed, retentate and permeate. The feed and perme-
te were analyzed with a UV–vis spectrophotometer at different
avelengths, between 450 and 800 nm. In Fig. 14, the differ-

nces in absorbance of the two fractions illustrate retention of
eer particles that scatter light.

The temperature throughout the experiment was about 13 ◦C.
emperature has a very strong influence in beer filtration. Below
◦C flocs of chill haze and other particles can sedimentate. This

s important when these components are to be retained. Accord-
ng to Gan et al. [6], temperature also has an influence on the
ux. Their experiments at 10 ◦C versus 2 ◦C, presented a higher

eer flux but the permeate quality was reduced with respect to
ncreased chill haze level. This effect was also observed in our
ifferent permeate fractions, which varied slightly in absorbance
hroughout the filtration. Those differences, though, were not

o

m
m

ig. 14. Absorbance of the white beer feed and permeate vs. wavelength, directly
fter filtration through a 2 �m PES microsieve.

ignificant compared to the feed, which presented much higher
urbidity.

The retained solid fraction by the PES microsieves was deter-
ined by weight differences of evaporated samples. The solid

raction for the feed was determined to be 1.18 wt% and for the
ermeate 0.56 wt%.

. Conclusions

In this research the performance and fouling of 2 �m PES
icrosieves, with a model protein like BSA, skimmed milk, and

eer were investigated. For all cases, when no strategies like
ackpulsing were applied, severe and rapid flux decline took
lace, more acute for milk and beer than for BSA.

In the case of BSA, pore blocking by aggregate deposition
as likely to be the determining mechanism behind flux decline,

onfirmed by the classical pore blocking theory. Since larger
omponents were present in the other feeds, we also believe that
he same mechanism may cause permeability loss in milk and
eer filtrations.

From all fouling reduction strategies investigated in this
ork, backpulsing at low frequencies was the most success-

ul method to enhance permeation, since it suppressed flux
ecline independently of the feed. Air sparging at low air flows
10 ml/min) was only applicable to BSA feed solutions in order
o stabilize permeation rate. Air sparging in combination with

ilk was completely ineffective. Besides, little potential for this
echnique is available in dairy food processing, because of risk
f foaming and protein damage. The highest permeabilities were
chieved when backpulsing at low operating pressures with beer

r milk.

The mechanism behind fouling reduction with polymeric
icrosieves and backpulsing is more likely to be mechanical
otion of the membrane during pulsing rather than backflow.
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M. Gironès i Nogué et al. / Journal o

ermeate pressure during pulsations is almost as high as feed
ressure. This points out that the pulse is completely transmitted
hrough the membrane and that very little permeate flow reversal
xists. Enhanced permeation by microsieve motion represents
n exceptional improvement, uncommonly seen for commercial
ystems.

Remarkably, the best performance with BSA as feed, in
erms of backpulsing effectiveness and membrane productivity
as achieved by using polymeric microsieves, when com-
ared to commercial track-etched membranes and silicon nitride
icrosieves.
The average productivity of the PES microsieves presented

n this chapter was found to be ≥6000 l/m2 h BSA, 1600 l/m2 h
ilk and 1900 l/m2 h of beer. These results are outstanding in

omparison to conventional systems. For instance, a productiv-
ty of 100 l/m2 h beer is required for a membrane system to be
mplemented in industry. So, if microsieves with smaller pore
izes are fabricated, it is very likely that the process productivity
ill still be above average.
Due to their excellent filtration performance and the large

uxes obtained, microsieves can greatly change the membrane
arket for applications in dairy and brewing industry, but also

ther areas related to microfiltration.
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